is the standard for broadcasting Internet Protocol (IP) data services to mobile portable devices. To provide interactive services for DVB-H, the Universal Mobile Telecommunications System (UMTS) can be used as a terrestrial interaction channel for the unidirectional DVB-H network. The converged DVB-H and UMTS network can be used to address the congestion problems due to the limited multimedia channel accesses of the UMTS network. In the converged network, intersystem soft handover between DVB-H and UMTS is needed for an optimum radio resource allocation, which reduces network operation cost while providing the required quality of service. This paper deals with the intersystem soft handover between DVB-H and UMTS in such a converged network. The converged network structure is presented. A novel soft handover scheme is proposed and evaluated. After considering the network operation cost, the performance tradeoff between the network quality of service and the network operation cost for the intersystem soft handover in the converged network is modeled using a stochastic tree and analyzed using a numerical simulation. The results show that the proposed algorithm is feasible and has the potential to be used for implementation in the real environment.
I. INTRODUCTION
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IGITAL video broadcasting for handhelds (DVB-H) [1]
, which is a digital broadcast standard, is targeting mainly Internet Protocol (IP) data services, called IP Datacast. It is assumed that a large number of the IP Datacast services will be interactive in nature [2] . A DVB-H network is a unidirectional broadcasting network that provides a means to deliver large quantities of popular contents to large user groups at relatively low cost but is very limited in providing interactivity and personalization of contents. A Universal Mobile Telecommunications System (UMTS) network, as a cellular telecommunications network, does not provide a low-cost delivery mechanism for simultaneously downloading large quantities of data to large X. Yang was with the University of Göttingen, 37073 Göttingen, Germany, and was also with Hutchison 3G Austria GmbH, 1110 Vienna, Austria (e-mail: eepgxxy@yahoo.co.uk).
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user groups but has the excellent properties of interactivity and personalization. UMTS is, therefore, an excellent system to support IP Datacast by providing a terrestrial interaction channel for DVB-H. In such a converged network, DVB-H works as a high-bit-rate download channel, whereas UMTS provides the interaction channel for DVB-H. Another application area of such a converged network is the so-called "hotspot" area, where the UMTS network cannot provide the requested data delivery services because of its limited data channels. In this case, DVB-H can provide an alternative way to deliver the requested data delivery services to relieve the congested UMTS cells. DVB-H will broadcast the same data services to as many users as possible within its coverage area. When only a few users request the same service, using DVB-H as a downlink channel will waste bandwidth that could be utilized by many more users. In this case, UMTS is an efficient way to provide the service to the limited number of users. On the other hand, when the number of users requiring the same service exceeds a certain limit, DVB-H will be a profitable way to provide the downlink channel. The intersystem handover in this paper is not defined as service continuation when a user moves out of one network-covered area but as the optimum radio resource reallocation between UMTS and DVB-H when the user is in an area that is covered by both UMTS and DVB-H networks. The scenario of the users moving out of the range of one technology will not be discussed in this paper. The service of the converged network that is referred to in this paper is the IP data delivery, as it is a service that can exploit the intersystem handover in an easily described way. Because the handover in DVB-H is always soft handover and because of the better performance of the soft handover compared with the hard handover in service continuation [3] , [4] , this paper focuses on the intersystem soft handover in the converged network.
So far, intersystem handover studies for UMTS have only focused on the handover between UMTS and the Global System for Mobile Communications (GSM) [5] , [6] and between UMTS and wireless local area networks (WLANs) [7] , [8] . No literature is available concerning the handover between UMTS and DVB-H in a converged UMTS/DVB-H network at the time of the writing of this paper. In this paper, an intersystem soft handover scheme is presented for the converged network and evaluated using a Markov chain model. Since network operation cost is also an issue in the converged network, a stochastic tree model is used to analyze the handover scheme when considering the network operation cost and the network QoS.
The rest of this paper is organized as follows. Section II provides the background of the research work. Section III provides an overview of the proposed converged network structure and of the intersystem handover issue. Section IV presents the intersystem soft handover algorithm between UMTS and DVB-H, including handover measurement, handover criteria, and handover execution and evaluation. In Section V, the stochastic tree concept is introduced into the communication area, a stochastic tree model is set up to analyze the handover scheme, and a numerical simulation is presented. The optimum tradeoff between the converged network operation cost and the QoS is obtained from the simulation results. Section VI concludes this paper.
II. RESEARCH BACKGROUND
Although there are no previous concrete works regarding the convergence of DVB-H and UMTS, some relevant discussions have already been made in various works in the literature.
Reference [9] presents a signaling protocol for the exchange of information between a network management system and intelligent multimodal wireless terminals in a composite radio network, where different radio networks are available, and some preliminary measurement works were done mainly between WLANs, General Packet Radio Service (GPRS), and digital video broadcasting for terrestrials (DVB-T). Although the idea of redistributing terminals over different radio networks was pointed out in [9] , the description was very simple, and it did not present how such redistribution would be performed in detailed steps.
Reference [10] presents two typical heterogeneous wireless network scenarios with DVB-T, WLANs, and GPRS. The first scenario refers to the redistribution of traffic between DVB-T and other available access technologies. The second scenario refers to the users moving out of the multicoverage regions and having only DVB-T access available. However, it lacks the detailed procedures on how the redistribution in the first scenario is triggered and performed.
Reference [11] focuses on the integration of WLANs and GPRS by describing how the two networks are interworking each other, mainly from the architectural point of view, while omitting the radio resource optimization part. Reference [12] proposed a way for the UMTS network operators to forecast the traffic of the high-demand services and transfer them to a cooperating DVB-T network when appropriate. However, no detailed procedures of transferring the DVB-T traffic to UMTS are described.
While [5] - [8] focus on how the intersystem handover is actually performed between either UMTS and GSM or UMTS and WLANs, [9] - [12] focus on the radio resource optimization between the broadcast and the telecommunications networks. Furthermore, all the aforementioned works did not consider the tradeoff between the network operation cost and the network QoS, and no quantization of such parameters is available.
Based on the thoughts of the previous works, this paper tries to combine both of the above two ways of thinking by proposing a novel intersystem soft handover algorithm between DVB-H and UMTS. Although this paper describes the manner in which the intersystem handover should be performed on the terminal part, just like those briefly mentioned in [13] , more space in this paper is allotted for the radio resource optimization part of the intersystem handover algorithm. Whereas the compressed mode in UMTS and the time slicing mode in DVB-H are utilized for the handover process, the load factor is proposed as the threshold-based approach criterion, and a novel stochastic tree algorithm is proposed for the optimum radio resource allocation part in a proposed clear and practical converged network architecture. As an obvious evolution of the previous work, the network operation cost and the network QoS are quantized and simulated. For simplicity and focus reasons, the service continuation scenario in the converged networks that is caused by the users moving out of one network coverage area will not be considered in this paper.
III. CONVERGED NETWORK OVERVIEW
Multitier networks that provide coverage to the same areas using several cells of different sizes are useful to accommodate high traffic density while providing high QoS [14] . The proposed converged DVB-H and UMTS network cell structure is a hierarchical cell structure in which the DVB-H cells overlay the UMTS cells. Therefore, the converged network can be regarded as a multitier network from the cell-structure point of view, as shown in Fig. 1 .
In the converged DVB-H and UMTS network, the DVB-H cells cover the same area as the UMTS cells do. Because the DVB-H cell size is usually larger than the UMTS cell size, one DVB-H cell normally covers several UMTS cells. Hence, the converged network has a two-layer macro-micro cell structure, in which the DVB-H cell is in the macro layer, whereas the UMTS cell is in the micro layer. This overlapping cell structure of the converged network is very useful in a "hotspot" area, which is defined as an area where the traffic load is substantially larger than the designed load [15] , such as a sports arena, a concert stadium, and a theatre.
In order for the terminal to be able to perform handover between DVB-H and UMTS, either the terminal has two independent receivers, or the terminal has a single dual-mode receiver. For handheld devices, it will reduce complexity and cost to have a single dual-mode receiver rather than have two independent receivers. The user equipment (UE) referred to in this paper is assumed to be such a dual-mode handheld terminal.
In Fig. 1 , the downlink stream from the Playout Server has two paths to reach the UE. One is through the DVB-H network; the other one is through the downlink channels in UMTS. The uplink stream packets from the UE have only one path, which is the UMTS uplink channel. In the converged network, the DVB-H network and the UMTS network have a common core network, which is the IP network. It is important to note that the data in the DVB-H network are IP packets and not MPEG2 packets like those in the DVB-T network. There is also a Service Management Server (SMS), which is located in the IP core network. The SMS is the key component in charge of the radio resource allocation and the intersystem soft handover between DVB-H and UMTS.
Handover within the converged network takes three forms: 1) handover within the DVB-H network; 2) handover within the UMTS network; and 3) the intersystem handover between DVB-H and UMTS. This paper only considers the intersystem handover between DVB-H and UMTS.
The intersystem handover between UMTS and DVB-H in the converged network is different from the intersystem handover between UMTS and other radio access networks like GSM. In the DVB-H/UMTS converged network, there is always an uplink channel from the UE to the IP core network through the UMTS network. Therefore, the handover between UMTS and DVB-H only refers to the downlink channel handover that should have no significant effects on the uplink channels of the UE. In this intersystem soft handover scheme, the downlink channel in UMTS only refers to the dedicated channel (DCH) because only the DCH can support soft handover in UMTS. Another difference from other intersystem handover schemes is that the intersystem handover in a DVB-H/UMTS converged network is triggered not only by technical issues like physical constraints and a better radio resource allocation but also by economic issues like the network operation cost. The network cost issue is important for the intersystem handover in a converged DVB-H/UMTS network because the converged network is most likely jointly operated by a broadcasting network operator and a telecommunications network operator.
IV. HANDOVER BETWEEN UMTS AND DVB-H
The intersystem soft handover mechanism between UMTS and DVB-H in the converged network can be divided into the following three stages: 1) handover measurement; 2) handover decision based on the handover criteria; and 3) handover execution.
A. Performing DVB-H Measurements With the Compressed Mode of UMTS
UMTS has two modes-the frequency division duplex (FDD) mode and the time division duplex mode. For simplicity, only the FDD mode is considered in this paper. In the FDD mode, the UE is continuously receiving on the UMTS downlink channel. This normal continuous mode is not suitable for intersystem measurement that needs transmission gaps. The compressed mode, which was introduced in the 3rd Generation Partnership Project standard [16] , has, therefore, been proposed to perform the intersystem handover between UMTS and GSM [5] , [6] .
UMTS transmits data using 10-ms-long frames. Each frame consists of 15 time slots. In the compressed mode, some frames are compressed. In the compressed frames, some slots are not used for transmitting data, thus creating transmission gaps. The instantaneous transmit power is increased in the compressed frame to keep the quality unaffected by the reduced processing gain. The compressed mode and the normal mode frame structures are compared in Fig. 2 . In the compressed mode, the first few milliseconds and the last few milliseconds in a frame are used to transmit all the information in the frame, and the remaining duration of the frame is used to carry out the intersystem soft handover measurement. In this way, when performing the soft handover from UMTS to DVB-H, the compressed mode is used to create transmission gaps as measurement periods for the terminal to make the required measurements of DVB-H network parameters.
B. Performing UMTS Measurements With the Time Slicing Mode of DVB-H
The time slicing mode was introduced in the DVB-H standard [1] to reduce the average power consumption of the terminal and enable smooth seamless soft handover. In the time slicing mode, the data packets are sent in periodic bursts using significantly higher instantaneous bit rates compared to the bit rates that are required if the data were transmitted using the continuous mode like that of DVB-T [17] . The continuous mode and the time slicing mode are illustrated in Fig. 3 . When performing the handover from DVB-H to UMTS, the UE carries out the handover measurement of UMTS network parameters using the off burst time of the time slicing mode. Because the intersystem handover measurement always happens in the transmission gaps for UMTS and DVB-H, the handover between the two networks is soft handover and can be seamless.
C. Intersystem Soft Handover Criteria
The intersystem handover between UMTS and DVB-H in the converged network is both a technical issue and an economic issue, and this must be accounted for in choosing the handover criteria. The intersystem soft handover criteria are considered only from the network side here. For the implementation of the soft handover in the terminal, the signal strength or the signal-to-noise ratio has also to be used as a handover criterion [3] , [4] .
Two different approaches can be taken to measure the load of the UMTS air interface. The first defines the load via the received and transmitted wideband power; the second is based on the sum of the bit rates that are allocated to all currently active subscribers [18] . The throughput-based loading status is chosen for the handover from the UMTS network part to be coherent with the handover criteria of the DVB-H network part. The UMTS downlink load factor is estimated based on the sum of the bit rates of all the currently active connections in a cell divided by the specified maximum throughput for the same cell, i.e.,
where R k is the bit rate of connection k, and N is the total number of connections in DCHs in one cell. R max is the maximum allowed throughput of the DCH in the cell. Since the UMTS soft handover can only be supported in the DCH [18] , the downlink bit rates from the forward access channels and the downlink shared channels will not be considered. The UMTS load factor must be kept below the threshold value, i.e.,
where η oldDL is the UMTS network load before the user request, which is estimated using (1), η thresholdDL is the preset load threshold, and ∆η is the load increase after a new connection is set up. If the air interface loading is allowed to excessively increase, the QoS of the existing connections cannot be guaranteed. This will trigger the handover process. However, even when the UMTS network is not heavily loaded, it can still be profitable to the handover to DVB-H. The threshold for the handover, thus, should be based on economic and technical analyses. The broadcast company and the telecommunications company have to jointly make a decision on the criteria for the handover. Details of the tradeoff between the economic and technical issues are discussed later in this paper. In this case, besides the satisfaction of the load status from (2), the handover algorithm for UMTS has to decide whether the number of users receiving the same service increases above a threshold N thresholdDL . If there are too many users utilizing UMTS, the UMTS network will inform the SMS to switch these users to DVB-H. The algorithm concerning threshold N thresholdDL can be expressed as
where N oldDL is the number of subscribers requesting the same data service in UMTS before a new subscriber joins. N thresholdDL is the preset subscriber number threshold, and ∆L umts is the increase in the number of subscribers for the specific data service. N thresholdDL will be obtained later in this paper using the stochastic tree model. On the other hand, the downlink load factor in DVB-H is expressed by
where P i is the bit rate of data channel i, M is the total number of data channels in the DVB-H cell, and P max is the maximum allowed data throughput in the DVB-H cell. Before considering the DVB-H side handover criteria, the DVB-H load factor must be kept below the threshold value, i.e.,
where θ oldDL is the DVB-H network load before the user request, θ thresholdDL is the preset load threshold, and ∆θ is the load increase after a new data channel is used to accommodate new users. From the DVB-H side, when a subscriber leaves or enters the DVB-H network, besides the satisfaction of the load status from (5), the handover algorithm for DVB-H has to decide whether the number of users receiving the same service drops below a threshold M thresholdDL . If there are too few users utilizing DVB-H, the DVB-H network will inform the SMS to switch these users to UMTS. The algorithm concerning threshold M thresholdDL can be expressed as
where M oldDL is the number of subscribers requesting the same data service in DVB-H before a subscriber leaves the DVB-H network. M thresholdDL is the preset subscriber number threshold for one channel, and ∆L dvbh is the decrease in the number of subscribers for the specific data service. The number of subscribers in the DVB-H network can be obtained from the UMTS network. Furthermore, M thresholdDL will be obtained later in this paper using the stochastic tree model. Equations (2), (3), (5), and (6) denote the intersystem soft handover criteria.
D. Handover Execution Between UMTS and DVB-H
The intersystem soft handover is a network-initiated and mobile-assisted handover scheme. The handover algorithm execution between DVB-H and UMTS is performed through the cooperation of the two networks. In the converged network, the SMS is the key component for the intersystem soft handover management between UMTS and DVB-H. It makes the final decision for the intersystem soft handover. The handover procedures are described as follows.
The first scenario is the handover from UMTS to DVB-H, as shown in Fig. 4 . Suppose that the UE is receiving a service delivery from UMTS. The Radio Network Controller (RNC) within the UMTS Terrestrial Radio Access Network (UTRAN) periodically receives a measurement report from the UE through Node B (UMTS Base Station). When the RNC finds any existing UE requesting a new service or a new UE requesting to join in the UMTS network, it will make a handover judgment based on the handover criteria and the measurement report from the UE. If the decision is to hand over the UE to DVB-H, the RNC will send handover request messages to the SMS. If the SMS accepts the handover request from UMTS, it will send service request messages to the service application provider (SAP). Then, the SAP sends service request acknowledgement messages back to the SMS. The SMS will then send the handover request acknowledgement messages back to the RNC. Before the SAP sends service request acknowledgement messages to the SMS, it will duplicate and deliver the requested service to the targeted DVB-H gateway through DVB-H. Furthermore, the DVB-H gateway will deliver the requested services to the UE. When the RNC receives the handover request acknowledgement messages from the SMS, it sends handover commands to the UE. The UE then releases resources from UMTS and performs handover to DVB-H.
The second scenario is the handover from DVB-H to UMTS, as shown in Fig. 5 . In this scenario, it is supposed that the UE is receiving a file delivery from the DVB-H network. When the number of UEs in the DVB-H cell falls below the preset threshold value, this information in the periodic reports is transmitted through Node B to the RNC. The RNC will make a handover judgment based on the handover criteria and the measurement reports from each of the UEs. If the decision is to hand over the UEs from DVB-H to UMTS, the RNC will send handover request messages to the SMS. If the SMS accepts the handover requests from UMTS, it will send service request messages to the SAP. Then, the SAP will send service request acknowledgement messages back to the SMS. The SMS will then send the handover request acknowledgement messages back to the RNC. Before the SAP sends service request acknowledgement messages to the SMS, it will duplicate and deliver the requested service to the targeted RNC through the UMTS network. Furthermore, the RNC will unicast the requested services to the targeted UE. When the RNC receives the handover request acknowledgement messages from the SMS, it sends handover commands to the UE. The UE then releases resources from DVB-H and performs the handover to UMTS.
E. Handover Performance Evaluation
There are a lot of performance parameters that need to be evaluated for this intersystem soft handover algorithm, such as the handover latency, the packet loss, and the handover failure probability. The handover latency is the time duration from when the UE sends the periodic measurement report, which contains the handover triggering information to the RNC, until the UE gets access to the targeted service either from the UMTS or DVB-H network, as shown in Figs. 4 and 5. From Figs. 4 and 5, it can be seen that the targeted service is delivered toward the UE before the UE hands over to the targeted network. Although such service duplication adds overhead to the network, the handover can be considered seamless, with a negligible packet loss. In this section, only the handover failure probability of the proposed handover algorithm is evaluated, as space does not allow all the parameters to be evaluated in this paper, and handover failure is the most fundamental limitation on the proposed algorithm. The other parameters will be evaluated in a subsequent work.
Handover failure happens when the user needs to hand over to the targeted network according to the handover criteria but fails to do so mainly because the targeted network resources are all occupied and cannot provide more channels to accommodate more users. A Markov chain model is used to evaluate the handover failure probability of the proposed handover algorithm here. A UMTS and DVB-H overlap cell area is taken as an example analysis area. To simplify the analysis, it is assumed that there are a maximum of m data channels in DVB-H and a maximum of n data channels in UMTS in the area. One channel refers to one stream of a service delivery. The handover from UMTS to DVB-H and from DVB-H to UMTS are separately analyzed.
When handover from UMTS to DVB-H happens, one or several channels of UMTS will be released, and only one DVB-H channel will be occupied. The DVB-H data delivery channels can be modeled by an M/M/m/m queuing process. The state transition diagram is shown in Fig. 6 , where state j means that there are j busy DVB-H channels in the area. λ j and µ j are the birth rate and the death rate at state j, respectively, i.e.,
When 0 ≤ j < m, a state j will change to j + 1 if a handover to the DVB-H request arrives in the area. Similarly, when a handover to the UMTS request has arrived in the area, the state j (j > 0) will change to j − 1. According to Erlang's loss formula [19] , the handover from UMTS to DVB-H failure probability in the area is
where P (m) is the steady-state probability that the system is at state m, and A = λ/µ is the offered traffic intensity. When a group of users in UMTS request an already broadcast service in DVB-H, they will be handed over to DVB-H without occupying any new DVB-H channels. Such users do not have a handover failure problem; therefore, they are not considered in the above model.
When the handover from DVB-H to UMTS happens, one or several channels of UMTS will be occupied, and only one DVB-H channel will be released. The UMTS data delivery channels can be modeled by an M/M/n/n queuing process. The state transition diagram is shown in Fig. 7 , where state i means that there are i busy UMTS channels in the area. λ i and µ i are the birth rate and the death rate at state i, respectively, i.e.,
Similarly to the handover from UMTS to DVB-H, according to Erlang's loss formula [19] , the handover from DVB-H to UMTS failure probability in the area is given by
where P (n) is the steady-state probability that the system is at state n, and A 1 = λ/µ is the offered traffic intensity. Therefore, the total intersystem soft handover failure probability P is given by
where a is the intersystem soft handover probability of users from UMTS to DVB-H, and b is the intersystem soft handover probability of users from DVB-H to UMTS. Reasonable values are now assigned to the parameters in (11) to obtain some numerical results to indicate the handover failure probability of the proposed algorithm. It is assumed that n = 80 (several UMTS cells) and that m = 100 (one DVB-H cell in the area). The traffic intensities in the area are assumed to be high at A = 50 and A 1 = 50. The intersystem soft handover failure probability, which is also called the handover blocking probability, is usually acceptable when it does not exceed 2% [20] . A diagram illustrating (11) is given in Fig. 8 .
From Fig. 8 , it can easily be seen that the maximum intersystem soft handover failure probability is much less than 2%. With the same methods, even when the traffic intensity grows to A = A 1 = 69, as shown in Fig. 9 , the maximum handover failure probability is still acceptable at 2%. It can also be seen that in the n = 80, m = 100 scenario, the maximum acceptable traffic intensity is A = 69 and A 1 = 69, if A = A 1 . Using (11), the intersystem soft handover failure probability in any scenario can be determine, provided that the necessary parameters are known.
V. STOCHASTIC TREE MODEL AND ANALYSIS
The above sections presented the intersystem soft handover algorithm. Since maintaining the converged network connection and the QoS levels and reducing the network operation cost when the subscriber requests begin are all crucial, the costs of network operation must be integrated into the handover algorithm by the network administration. To find out whether a user should use DVB-H or UMTS in the scenario of a given service delivery, the tradeoff between the user received QoS and the network operation cost must be identified. When the optimum tradeoff is found, the threshold value of the handover criteria can be optimized. With this objective in mind, the stochastic tree concept is introduced to analyze the performance of the intersystem soft handover between UMTS and DVB-H in a converged network.
A. Stochastic Tree Instead of the Multidimensional Markov Chain With Loops
The multidimensional Markov chain with loops has long been used in various works in the literature to mainly calculate the call blocking probability of the state with multiple channels, where the effect of mobility is very well expressed [15] , [20] , [21] . However, the multidimensional Markov chain with loops cannot be used to model the cost parameter of the state, where the cost is a temporal factor that is increasing in the time domain and is not reversible. Instead, stochastic trees are extensions of decision trees that facilitate the modeling of temporal uncertainties [22] , [23] . It is an efficient modeling approach for the decision problems in which the cost and the QoS may extend over time. On one hand, this paper focuses on the radio resource optimization part of the converged networks, concentrating on the cost and the QoS progress in the time domain. On the other hand, in the proposed network structure in Section III, the users will always have available access to UMTS and DVB-H networks. Thus, user mobility is not a concern in the considered scenario. This way, to consider the radio resource optimization decisions on the network side instead of focusing on the user mobility on the terminal side, stochastic trees are used instead of the multidimensional Markov chains with loops.
B. Stochastic Tree Model for the Converged Network
In its simplest and most useful form, a stochastic tree is a transition diagram for a continuous-time Markov chain, which is unfolded into a tree structure. Researchers have already used stochastic trees as modeling tools to analyze medical treatment decisions for almost a decade [24] . In this paper, for the first time, stochastic trees are being used in the communications field to make handover decisions to predict the converged network operation cost and the network QoS that can be expected, given an initial network state and an established handover plan. An advantage of the stochastic tree model is that it allows the recursive computation of the mean quality-adjusted duration, which is the mean duration with quality weights, by "rolling back" the stochastic tree much as one would roll back a decision tree [25] . Before applying the stochastic tree model to our intersystem handover process, the Markovian rollback formula will be developed for this case. Detailed information about the use of the Markovian rollback formula in a medical decision process is provided in [25] . The development of the Markovian rollback formula for the converged network is shown below.
Consider a subtree of a stochastic tree shown in Fig. 10 in which an initial state x is occupied until one of several competing transitions with rates λ y occurs at a state y. The nodes represent states, initialization, UMTS, DVB-H, soft handover, and so on, and the arrows represent transitions between states. There are two types of arrows that are used in stochastic trees corresponding to the two types of possible transitions. Wavy arrows are labeled with rates and signify transitions that take time to accomplish. Straight arrows are labeled with probabilities and signify an immediate transition to one of the states indicated. There are only wavy arrows in Fig. 10 . Using the wavy and straight arrows representation, the subtree in Fig. 10 can be transformed into the subtree in Fig. 11 , where p y = λ y /λ, and λ = y λ y . It is apparent that beginning with state x, a mean time 1/λ is spent in state x, following which, the transition to a state y occurs with probability p y .
To model the intersystem soft handover in the converged network, a new concept called the quality service time (QAST) is introduced. This network measurement is defined as being calculated by weighting each time interval T x that is spent in a particular network state x by a received service quality factor v(x) that is proportional to the service quality estimation of that network state, i.e.,
where a service quality factor v(x) = 1 refers to perfect reception, whereas v(x) = 0 refers to no reception; v(x) takes values between 0 and 1. Suppose that the QAST beginning in state y is S(y). Then, the QAST beginning at x is given by
Here, λ is the rate of departure from state x. v(x) + y λ y S(y) is the QAST in state x per time unit. This formula can be used to recursively evaluate the QAST in any stochastic tree model. It is called the rollback formula. However, one drawback of the formula is that it is risk neutral. For example, the intersystem soft handover between UMTS and DVB-H is not optimum when the duration is too short for the users that are staying in the handover destination network because a too-short duration can make the handover unnecessary and, sometimes, can cause a ping-pong effect. On the other hand, it is advisable to perform the intersystem soft handover between UMTS and DVB-H when the user pays a high price to get the optimum service quality or pays the lowest price, in spite of the poor service quality received. In this case, a risk factor r(x) is introduced as the quality change when the user stays in network state x.
For a Markov process, λ and r(x) can always be assumed as exponential distributions [25] . Then, the QAST after considering risk factor r(x) in state x per time unit is given by
where t is the time that the system spent in state x. From (15)
Then, the QAST per time unit after considering risk factor r(x) in state x is given by
In this case, the total QAST after considering risk factor r(x) is given by
When users perform the handover between UMTS and DVB-H, not only will risk happen but, sometimes, QAST can also be increased. For example, when users switch from UMTS to DVB-H, they benefit from the high-bit-rate advantages of DVB-H. On the other hand, when users switch from DVB-H to UMTS, they may benefit from the gained interaction characteristics of the service. Therefore, it is necessary to define a quality bonus variable B(x) for the system.
After considering the quality bonus variable B(x), the total QAST becomes
Since risk and bonus factors are always considered in the converged network systems, simply use S(x) instead of S(x r ) for the measurement QAST. Then
As λ = y λ y , to make calculations easier and practical, (20) is written as
The QAST is the measurement of the QoS of the system. Another measurement, i.e., COST, needs to be defined to evaluate the converged network operation cost. Similarly to the definition of the QAST, the COST is defined as being calculated by weighting each time interval T x spent in a particular network state x by a network operation cost factor c(x) proportional to the network operation cost that is estimated for that network state. Therefore, the COST is defined as
where a network operation cost factor c(x) = 1 refers to the maximum cost, whereas c(x) = 0 refers to no cost; c(x) takes values between 0 and 1. Similarly to (21), the total COST for the converged network after considering risk and bonus factors can be calculated as
where C(x) is the total COST, and B(y) and r(x) are the bonus and risk factors, respectively.
C. Stochastic Tree Model for the Intersystem Soft Handover
To use stochastic trees to model the intersystem soft handover for the converged network, the following assumptions are made.
1) The network state in the converged network is a Markovian property. This means that the next network state is only dependent on the present network state and has no dependence on the previous network states. 2) The service quality factor v(x) and the network operation cost factor c(x) do not depend on the number of users in the two networks; they are the statistical values that can be provided by the network operators.
3) The QAST is larger in a UMTS state than in a DVB-H state when a single user receives the same bit-rate service, but the service has an interactive nature. 4) The QAST is smaller in a UMTS state than in a DVB-H state when the number of users receiving the same service exceeds the preset threshold because of the congestion risk due to the unicast nature of UMTS. 5) The network operation cost COST is higher for DVB-H than for UMTS when the same service is delivered to a single user because the bandwidth is dedicated to one user in this case. 6) The network operation cost COST is higher for UMTS than for DVB-H when the same service is delivered to a certain number of users in the case that the user number exceeds the preset threshold because of the unicast nature of UMTS. 7) The soft handover state is a special state in the converged network. By default, it means the intersystem soft handover state between UMTS and DVB-H. The time the UE stays in the soft handover state is not negligible. The states after the soft handover state could be either staying in the original state or entering into the handover destination state. The network operation cost is higher in the soft handover state than in the other states. The service quality is lower in the soft handover state than in the other states. 8) User-initiated intersystem soft handover is not permitted; therefore, the focus is on the optimum tradeoff between the network operation cost and the QoS from the network side. Under these assumptions, a stochastic tree model is set up for the intersystem soft handover and is shown in Fig. 12 . In Fig. 12 , there are four different states. The transition probabilities are denoted by λ i and µ i [i = 0, 1, 2, 3, 4; here, λ i and µ i have no relationships with those defined in (7) and (9)]. For each network state, the COST rates are denoted by m i and n i (i = 0, 1, 2, 3, 4), and the QAST rates are denoted by u i and v i (i = 0, 1, 2, 3, 4). Using (21) and (23), the expected total QAST and the expected total COST can be expressed as
where X is one of the states in the stochastic tree, c x is the cost weight for state X, v x is the quality weight for state X, α x is the state-specific cost discount rate at state X, and β x is the quality decrease attitude in state X. B(y) is either COST rate (m i , n i ) or QAST rate (u i , v i ), depending on the network state.
E[Q(y)] and E[C(y)]
are the mean value of the COST and the QAST in the state after state X, respectively.
D. Simulation and Results
In this section, a numerical simulation and its analysis to find the optimum tradeoff between the converged network operation cost COST and the QAST are presented. The simulation is done based on the stochastic tree structure shown in Fig. 12 . From Fig. 12 , for simplicity, it is reasonable to assume that the following equations are true:
Using (24) and (25) , the expected total QAST and the expected total COST for UMTS and DVB-H can be calculated. Therefore, the tradeoff between the QAST and the COST can be obtained. Thus, the network side handover criteria can be set up based on the tradeoff between the converged network operation cost and the QAST.
The network scenario in the simulation is a hypertext transfer protocol (http) file delivery to a single user in the converged network. The http service can be individually received through the DVB-H and UMTS networks. Some interaction features are available if the service is delivered through UMTS. The variables and their values that are used in the numerical simulation are given. These parameters are shown in Table I . For simplicity, the parameter values that are used in this simulation are very simple and are just for illustration; therefore, they may not reflect the real field test data. However, they are reasonable and can provide a general idea of how the algorithm works. Practical parameter values can be used in the model after real field tests in the network planning and optimization stage. From (24) and (25) , the expected total COST and the expected total QAST for UMTS and DVB-H in the case of one user can be calculated along the two separate trunks of the stochastic tree as follows: For N users of the same service, suppose that N 1 users are using UMTS, and N 2 users are using DVB-H. The total COST and QAST for the converged network are C total = 5.4N 1 + 3.6 and Q total = 3.6N 1 + 3.3N 2 = 0.3N 1 + 3.3N , respectively. To find out the network performance tradeoff point, suppose that C total = Q total . Then, optimum number N 1 can be expressed as
Tradeoff equation (26) is drawn in Fig. 13 . Suppose that 500 users are served by the converged network with the same network parameters in the above simulation in the area. The optimum number of users that are served by a UMTS file delivery will be 323.
Following the same simulation steps, more simulations can be performed; however, they are omitted because the simulation here is only used to illustrate the handover algorithms.
Using the presented stochastic tree model, the intersystem soft handover decision in the converged network can be made from technical and economic points of view. The model given above is not supposed to be complete; however, it gives a general idea of how to find the optimum tradeoff to perform intersystem handover in converged networks, where the technical issue is only one part of the problem, and the cost elements have to be considered. For different network planning and optimization strategies, different stochastic tree models can be set up.
VI. CONCLUSION
A converged network on a common IP core is a trend for the next-generation communication systems. A DVB-H network and a UMTS network have different radio resource allocation processes and different handover mechanisms. In a converged DVB-H and UMTS network, cooperation between DVB-H and UMTS must happen to allocate radio resources and perform intersystem handover. This cooperation includes not only technical aspects that maximize the network performance and provide the best QoS to users but also economic aspects that maximize the operating profit for telecommunication and broadcast network operators. This paper has proposed, for a converged DVB-H and UMTS network, a novel intersystem soft handover algorithm. To consider the intersystem handover criteria from technical and economic aspects, two new network measurement parameters, i.e., the QAST and the COST, were defined. Stochastic tree concepts were introduced, and a stochastic tree model for the converged network was presented. A numerical simulation was used to illustrate the intersystem soft handover process between DVB-H and UMTS. From the simulation results, the tradeoff between the network operation cost and the QAST can be found for the converged network.
